Abstract: Na + transporters play an important role during salt stress and development. The present study is aimed at genome-wide identification, in silico analysis of sodium-proton antiporter (NHX) and sodium-proton exchanger (NHE)-type transporters in Sorghum bicolor and their expression patterns under varied abiotic stress conditions. In Sorghum, seven NHX and nine NHE homologs were identified. Amiloride (a known inhibitor of Na + /H + exchanger activity) binding motif was noticed in both types of the transporters. Chromosome 2 was found to be a hotspot region with five sodium transporters. Phylogenetic analysis inferred six ortholog and three paralog groups. To gain an insight into functional divergence of SbNHX/NHE transporters, real-time gene expression was performed under salt, drought, heat, and cold stresses in embryo, root, stem, and leaf tissues. Expression patterns revealed that both SbNHXs and SbNHEs are responsive either to single or multiple abiotic stresses. The predicted protein-protein interaction networks revealed that only SbNHX7 is involved in the calcineurin B-like proteins (CBL)-CBL interacting protein kinases (CIPK) pathway. The study provides insights into the functional divergence of SbNHX/NHE transporter genes with tissue specific expressions in Sorghum under different abiotic stress conditions.
Introduction
To cope with high salt concentrations in the soil and the toxic effects of Na + and Cl -ions, plants have evolved multiple mechanisms like exclusion of salt at the membrane level or inclusion of it in the vacuoles [1] . Ions that are sequestered into the vacuoles would be used by the plants as a cheap source of osmoticum that can help to absorb water [2] . Both ion and pH homeostasis play crucial roles in diverse cellular processes that control plant growth, development, and stress tolerance [3] . In general, the cytoplasmic pH value is determined to be above neutrality (pH 7.2-7.6), which is controlled by an array of buffering molecules like K + , Na + /K + , cation/proton exchangers like Ca 2+ /H + , sodium-proton antiporters (NHX), proton/nutrient-transporters and H + -translocating enzymes [4] . Na + enters into the cell through two non-selective cation channels (NSCC): voltage-dependent and voltage-independent cation (VIC) channels. VIC channels are thought to be the major way for the movement of Na + into plant cells [5, 6] . NHX and sodium-proton exchanger (NHE) transporters belong to the cation proton antiporter1 CPA1 family [7, 8] . It appears that CPA1 family has evolved from ancestral sodium-proton antiporter (NhaP) genes in prokaryotes [8] [9] [10] . Their primary physiological functions are regulation of cytoplasmic pH, extrusion of H + generated during metabolism in exchange of Na + or K + ions into cytoplasm and vacuoles in plants and animals [11] [12] [13] .
NHX1 was the first plant NHX identified in Arabidopsis and its overexpression lead to salt tolerance in plants [14, 15] . Among the eight NHX members, NHX1 and NHX2 are the most abundant proteins in Arabidopsis [16] . In plants, NHX7 or salt overly sensitive (SOS1) and NHX8 are located in the plasma membrane and named PM-class [17] ; NHX5 and NHX6 are intracellularly located in the endosomal compartments and named Endo-class [18, 19] ; NHX1 to NHX4 are in the tonoplast and named Vac-class [20] . NHX transporters are associated with salt tolerance, long-distance transport of Na + from root to shoot, protein targeting and trafficking, and stomatal functioning [18, 19, [21] [22] [23] [24] . Like NHX-type proteins, NHE-type protein family members are required for several key cellular processes like regulation of intracellular pH, cell volume and reabsorption of Na + in the kidney and gastrointestinal tract [25] . The members of this family may have a similar structure, containing 10 to 12-transmembrane domains, large C-terminal domain and function as homodimers [26] . Bobulescua et al. [27] pointed out that NHE-type family of proteins fall into two subfamilies; the plasma membrane bound NHE 1-5, and the organellar membrane-bound NHE 6-9. The C-terminal domains may be cytosolic as in the case of NHE1 [28] , or extracellularly exposed as in NHE3 [29] . It appears that NHX genes have evolved from plasma membrane NHE sequences [10] . However, functions of NHE members in plants are not known completely.
Sorghum bicolor is a moderately stress-tolerant crop suitable for dry land cultivation, ensuring productivity and access to food when other crops fail. S. bicolor is the fifth most important cereal crop and the second most important staple food grain in the semi-arid tropics. It is a self-pollinated diploid, C 4 photosynthetic plant, which makes it adaptable to high temperature. It is an efficient biomass accumulator, provides feed, fodder and fuel, and shows genetic diversity with smaller genome [30] . Recently, NHX-like protein (NHXLP), which is plasma membrane bound and helps in Na + exclusion, has been detected in S. bicolor [31] . This shows that S. bicolor may have NHXLPand NHE-type genes in their genomes besides NHX for carrying out redundant functions. However, the tissue-specific expressions of NHX and NHE-type exchangers and their association with different abiotic stresses in S. bicolor are unknown. Earlier, genome-wide analysis of CPA1 family was carried out for Ca 2+ transporters [32] , K + transporters [33, 34] , and NHX-type genes in poplar [33] , but not for NHE homologs in plants. In this study, genome-wide scanning of Arabidopsis NHX and human NHE homologs in Sorghum was carried out including their chromosomal locations, gene structures, conserved motifs, phylogenetic relationship, transcript expressions in different tissues, promoter analysis, and predicted protein-protein interactions.
Materials and Methods

Plant Material and Abiotic Stress Treatments
Sorghum (S. bicolor L. BTx623) seeds collected from the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT, Patancheru, India) were sown in earthen pots containing 4.5 kg of garden soil and manure (4:1) and maintained in green house at 28/20 • C day/night temperatures and relative humidity of 60±5% to 81±2%. Seventy-five-day-old Sorghum variety BTx623 plants were treated with salt (200 mM NaCl), drought (200 mM mannitol), heat (42 • C), and cold (4 • C) stresses for 4 h. Control (without any stress) plants were treated with tap water. Embryo, root, stem, and leaf tissue samples were collected immediately, snap frozen in liquid nitrogen and stored at −80 • C until RNA extraction.
Identification and Characterization of Sodium Transporters
All the 16 cDNA sequences of Arabidopsis and human Na + transporters (NHX1-7, [35] ; NHE1-9) were collected from NCBI database (http://www.ncbi.nlm.nih.gov/) (File S1) and blasted against the S. bicolor genome in the Gramene database by default settings. Different software tools like Genscan [36] for gene prediction, Gene Structure Display Server [37] , for gene structure analysis, TMHMM [38] , for topology analysis of transmembrane domains and WoLFPSORT [39] for subcellular localization of the predicted gene, NetPhos 3.1 [40] for phosphorylation sites, MEME [41] for conserved motifs with parameters like 20 number of motifs, 2-20 motif sites, 6-20 wide motif width were used. SMART program was employed to check for the presence of sodium proton exchanger domains [42] . The SbNHX and SbNHE proteins were modelled using I-TASSER tool [43] .
Phylogeny, Divergence, Promoter Analysis, Physical Gene Mapping, and Co-Expression Analysis
Phylogenetic tree was constructed with amino acid sequences of Sorghum bicolor (Sb), Populus trichocarpa (Pt), Arabidopsis thaliana (At), Eucalyptus grandis (Eg), Medicago truncatula (Mt), Vitis vinifera (Vv), Glycine max (Gm), Oryza sativa (Os), Brachypodium distachyon (Bd), Zea mays (Zm), and Physcomitrella patens (Pp) using MEGA 6.0 software, by the Neighbor-Joining method [44] . The reliability of the phylogenetic tree was estimated using bootstrap values with 1000 replicates. Gene duplication events were also investigated using phylogenetic tree based on 70% similarity and 80% coverage of aligned sequences [45, 46] . Synonymous (d S ) and non-synonymous (d N ) substitution rates were calculated using the PAL2NAL program [47] . In silico promoter analysis was carried out for 1 kb sequence upstream to all the Sorghum NHE/NHX transporters using PLACE [48] and PlantCARE [49] software. Physical mapping of the transporters was constructed based on their location on the Sorghum genome. The predicted protein-protein interaction (PPI) map of SbNHXs/NHEs was generated from the STRING database [50] .
RNA Isolation and Quantitative Real-Time PCR Analysis
Total RNA was isolated from all the samples using Macherey-Nagel NucleoSpin RNA plant kit (740949.50) by following the instructions manual. DNaseI was used to eliminate genomic DNA contamination in RNA samples. The concentration and purity of RNA samples were checked using Eppendorf BioPhotometer. Total RNA (2 µg) was taken as template for first strand cDNA synthesis using RevertAid First Strand cDNA Synthesis Kit (#K1622, Thermo Scientific EU, Reinach, Switzerland). The relative expression levels of SbNHX/NHE genes were studied using 2X applied biosystems (ABI) Master Mix with gene specific primers (File S1). ABI 7500 real-time PCR system (Applied Biosystems, Foster City, CA, USA) was used with the following thermal cycling conditions of 95 • C for 5 min followed by 40 cycles of 95 • C for 30 s, 57 • C for 30 s, and 72 • C for 30 s. The expression of each SbNHX/NHE gene in various samples was normalized with EIF4α and PP2A reference genes [51] . The experiment was performed with two biological replicates and for each sample, three technical replicates were used. The specificity of the PCR reaction was confirmed by melting curve analysis of the amplicons. Comparative 2 −∆∆CT method was used to calculate the relative quantities of each transcript in the samples [52] .
Results
Identification and Characterization of NHX/NHE Transporters in Sorghum
A total of 16 SbNHX/NHE transporter homologs (Arabidopsis NHX1-NHX7 and human NHE1-9) were identified in S. bicolor genome. The coding and amino acid sequence for each SbNHX/NHE transporter was predicted using Genscan tool (File S1). The number of exons vary from one (SbNHE7) to 18 (SbNHX2 and SbNHX5) among the transporters (Figure 1 ; Table 1 ). The number of transmembrane domains for Na + transporters varies from 0 to 8 (Table 1, Figure S1 ). The predicted proteins in Sorghum are localized on the plasma membrane, chloroplast, nucleus, endoplasmic reticulum, and mitochondria (Table 1) . SbNHX/NHE are more phosphorylated with protein kinase C, protein kinase A (PKA), and cyclin-dependent protein kinase (CDC2) and very less with ataxia telangiectasia mutated (ATM). Serine has been found as the most common site for phosphorylation compared to threonine and tyrosine ( Table 2 ). Motif prediction was carried out by MEME, and it showed from 0 to 20 motifs with a conservation and variation. No motifs were observed in SbNHE1, SbNHE4, SbNHE5, and SbNHE7. Amiloride drug binding site (LLFIYLLPPI), typical characteristic feature of NHX transporters was seen in SbNHX1, SbNHX2, SbNHX3, SbNHX5, SbNHE2, SbNHE3, SbNHE6, and SbNHE8, but absent in SbNHX4, SbNHX6, SbNHX7, and SbNHE9 ( Figure 2 ). Sodium proton exchanger domain was observed in all the SbNHXs but not in SbNHEs. SbNHEs exhibit domains like ovate, reverse transcriptase (RVT), integrase core domain (RVE), transposase, PKinase, heat shock protein90 (HSP90), von Willebrand factor type A domain (VWA), domain of unknown function (DUF), and RVT1 (Table 1 ). All the SbNHX and SbNHE proteins were modeled using I-TASSER software to find out their 3D structures. For all the proteins, 3D structures were constructed based on the similar template obtained from Protein Data Bank (PDB). All the predicted SbNHX/NHE models constructed showed a C-Score range from −0. 
Phylogeny, Divergence, Promoter Analysis, and Physical Genome Mapping
The phylogenetic tree displayed three major clusters. Cluster 1 represented all the vacuolar membrane transporters including SbNHX1, SbNHX2, SbNHX3, SbNHX4, and SbNHE2. Cluster 2 formed all the endomembrane-located transporters like SbNHX6. Cluster 3, on the other hand, represented all the plasma membrane bound transporters such as SbNHX5, SbNHE1, SbNHE3, SbNHE4, SbNHE5, SbNHE6, SbNHE7, SbNHE8, and SbNHE9. Not surprisingly, similar to human NHE, all the Sorghum NHE homologs (except SbNHE2) clustered on the plasma membrane ( Figure  4 ). Out of three paralog gene pairs, two segmental (SbNHE1 and SbNHE7, SbNHE4 and SbNHE9) and one regional (SbNHX5 and SbNHE6) duplications were observed. Sorghum showed six ortholog pairs, four with maize (SbNHX1 and ZM2G037342, SbNHX2 and Zm2G063492, SbNHX4 and Zm2G118019, SbNHX7 and Zm2G098494) and two with Eucalyptus (SbNHX6 and Eucgr.E04240.1, SbNHE3 and Eucgr.BO2635.1) (Figure 4 ). Synonymous and non-synonymous substitution rates were calculated for paralog gene pairs. dN/dS was found to be below <1, implying that the genes underwent a positive Darwinian selection or a purifying selection (Table 2) . One kilobase (kb) sequence (File S1), upstream of the transcription start site was analyzed for cis-acting elements in all the SbNHX/NHE genes ( Table  3 ). The identified cis-acting elements are grouped into hormone (ABA, auxin, gibberellic acid, ethylene, methyl jasmonic acid, and salicylic acid), stress (drought, heat shock, low temperature, salt, fungal, defense, and light), and other-responsive factors (guard cell specific (KST1), salt-responsive element (GT1) motif, O2 site, and zein metabolism regulation involved in circadian control). Special Protein 1 motif (SP1), stress-responsive and G BOX, positive regulators of senescence were found to be the highest number of cis-acting elements in SbNHX/NHE. GT1 and KST1 elements were noticed in all the promoter sequences of SbNHX/NHE genes (Table 3 ). In Sorghum, Na + transporters were detected on seven out of 10 chromosomes, but no transporters were noticed on chromosomes 3, 4, and 6. Five genes are located on chromosome 2, three genes on chromosome 1, two genes on 
The phylogenetic tree displayed three major clusters. Cluster 1 represented all the vacuolar membrane transporters including SbNHX1, SbNHX2, SbNHX3, SbNHX4, and SbNHE2. Cluster 2 formed all the endomembrane-located transporters like SbNHX6. Cluster 3, on the other hand, represented all the plasma membrane bound transporters such as SbNHX5, SbNHE1, SbNHE3, SbNHE4, SbNHE5, SbNHE6, SbNHE7, SbNHE8, and SbNHE9. Not surprisingly, similar to human NHE, all the Sorghum NHE homologs (except SbNHE2) clustered on the plasma membrane ( Figure 4) . Out of three paralog gene pairs, two segmental (SbNHE1 and SbNHE7, SbNHE4 and SbNHE9) and one regional (SbNHX5 and SbNHE6) duplications were observed. Sorghum showed six ortholog pairs, four with maize (SbNHX1 and ZM2G037342, SbNHX2 and Zm2G063492, SbNHX4 and Zm2G118019, SbNHX7 and Zm2G098494) and two with Eucalyptus (SbNHX6 and Eucgr.E04240.1, SbNHE3 and Eucgr.BO2635.1) (Figure 4 ). Synonymous and non-synonymous substitution rates were calculated for paralog gene pairs. d N /d S was found to be below <1, implying that the genes underwent a positive Darwinian selection or a purifying selection (Table 2) . One kilobase (kb) sequence (File S1), upstream of the transcription start site was analyzed for cis-acting elements in all the SbNHX/NHE genes ( Table 3) . The identified cis-acting elements are grouped into hormone (ABA, auxin, gibberellic acid, ethylene, methyl jasmonic acid, and salicylic acid), stress (drought, heat shock, low temperature, salt, fungal, defense, and light), and other-responsive factors (guard cell specific (KST1), salt-responsive element (GT1) motif, O2 site, and zein metabolism regulation involved in circadian control). Special Protein 1 motif (SP1), stress-responsive and G BOX, positive regulators of senescence were found to be the highest number of cis-acting elements in SbNHX/NHE. GT1 and KST1 elements were noticed in all the promoter sequences of SbNHX/NHE genes (Table 3 ). In Sorghum, Na + transporters were detected on seven out of 10 chromosomes, but no transporters were noticed on chromosomes 3, 4, and 6. Five genes are located on chromosome 2, three genes on chromosome 1, two genes on chromosomes 5, 8, and 9, and one gene each on chromosomes 7 and 10. Chromosome 2 has been found to be a hotspot region for SbNHX/NHE transporters ( Figure 5 , File S1). 
Protein-Protein Interaction Analysis Prediction
In the predicted protein-protein interaction map, SbNHX/NHE displayed interactions with several other transporter proteins of Sorghum. SbNHX5 and SbNHE6 have been noticed as centers for interactions ( Figure 6 ). When individual proteins (SbNHX and SbNHEs) were checked for their interaction, they showed interactions with various calcineurin B-like proteins (CBLs) like CBL02, CBL03, CBL05, and CBL08. SbNHX/NHE also showed interactions with various CBL-interacting protein kinases (CIPKs) like CIPK01, CIPK14, CIPK17, and CIPK22 ( Figure S2 ). 
Expression Analysis of SbNHX/NHE Transporters in Different Tissues Treated with Diverse Abiotic Stresses
SbNHX/NHE transporters expression levels were analyzed in Sorghum embryos, roots, stems, and leaves exposed to salt, drought, heat, and cold stresses. SbNHX/NHE displayed differential gene expression levels among the four tissue types. Native expression of the transporters was high in roots followed by leaf, stem, and embryo, which may be involved in growth and developmental processes (Figure 7a ). SbNHX7 also recorded higher transcript abundance in all four tissues under native conditions (Figure 7a ). Among the four stresses, high transcript levels were recorded in cold followed by salt, heat, and drought stresses. Among the genes, SbNHX1 and SbNHX4 showed higher expression in cold-treated stems, SbNHX2 in drought-stressed embryos, SbNHX3 in salt-exposed embryos, SbNHX5 in salt-stressed roots, SbNHX7 in drought-treated stems. Expression of SbNHE1, SbNHE4, SbNHE5, SbNHE6, and SbNHE9 was high in cold-exposed stems, SbNHE2, SbNHE3, and SbNHE8 in heat-treated stems, and SbNHE7 in salt-stressed root tissues (Figure 7b ). 
Discussion
Salt stress limits plant growth and productivity due to ion toxicity and water uptake by decreasing the water potential [53] . Plants can either efflux Na + ions or compartmentalize them into vacuoles through NHXs family members [54] . Both NHX/NHE members belong to the CPA1 family of transporters [7, 55] and play crucial roles in providing energy, and cell expansion in plants [56] .
Identification and Structural Analysis of SbNHX/NHE Genes
In the present study, a total of seven SbNHX and nine SbNHE transporters have been identified in the genome of S. bicolor (Table 1) , like in other cereals such as Oryza sativa and Zea mays, which also contain seven NHX members in all [35] . Bioinformatics analysis revealed that NHX members in S. bicolor can be grouped into three classes based on their plasma (SbNHX5 and SbNHX7), vacuolar (SbNHX1, SbNHX2, SbNHX3, and SbNHX4), and endomembrane (SbNHX6) localizations. Both SbNHX5 and SbNHX7 are grouped under plasma membrane in Sorghum. But in Arabidopsis, AtNHX7 and AtNHX8 have been identified under the same category [22] . While Bassil et al. [18] noticed two endomembrane transporters (NHX5 and NHX6) in A. thaliana, only one (SbNHX6) is identified under this category in Sorghum in the present study (Figure 4 ). Plasma membrane-bound transporters (SOS1/NHX7 and NHX8) help in the exclusion of Na + ions from cytoplasm [57, 58] . Likewise, vacuolar bound NHX members segment Na + ions, sugars, and secondary products under stress conditions [59] . Thus, NHX members located on both the plasma and the tonoplast play critical roles in efflux and compartmentalization respectively, and maintain Na + ion homeostasis. On the other hand, endomembrane-located AtNHX5 and AtNHX6 have been found necessary for regulating protein processing, trafficking of cellular cargo, plant growth and development [1, 18, 19] . In Sorghum, SbNHX6 has been found on the endomembrane, but not NHX5 (Figure 4) . Variation in the number of NHX family members was observed in diverse taxa like Arabidopsis thaliana (8), Populus trichocarpa (8), Brachypodium distachyon (9), Eucalyptus grandis (10), and Glycine max (12) [35] . SbNHX genes are well conserved similar to poplar NHX [35] during the course of evolution (Figure 4 ). Introns were noticed in all SbNHXs, like in poplar [35] , and also in SbNHE members excepting SbNHE7 (Figure 1 ). It is also observed that plasma membrane-bound NHX members have a long C-terminal cytosolic tail, which helps in interacting with other proteins [22] . Similar to poplar NHX [35] , SbNHX/NHE proteins were constructed with high accuracy.
Like NHX, NHE family members also appear as the important determinants of salt stress tolerance and hence are of enormous importance in agriculture [60] . While nine eukaryotic NHE members are present in humans [8] , no information is available on the number of NHE transporters present in the genomes of higher plants and their subcellular localizations. In humans, NHE1-5 are located on plasma membrane, while NHE6-9 act as intracellular transporters [27] . All the SbNHEs are classified as plasma membrane bound except SbNHE2, which is predicted as a vacuolar membrane transporter (Figure 4) . Contrary to the above report, the human isoforms HsNHE6 and HsNHE7 have been recognized as endosome-localized transporters [61, 62] .
Motif Identification, Promoter Analysis, Phylogenetic Tree, and Divergence
The N-termini of these proteins are comprised of a conserved domain LLFIYLLPPI, typical characteristic feature of NHX transporters in plants [63, 64] . Amiloride binding site was found in all the NHX members of Arabidopsis, poplar [35] , and in SbNHX1, SbNHX2, SbNHX3, SbNHX5, SbNHE2, SbNHE3, SbNHE6, and SbNHE8. Quiet surprisingly, it could not be detected in SbNHX4, SbNHX6, SbNHE7, and SbNHE9 ( Figure 2 ; Table 1 ). All SbNHX and SbNHE promoter regions showed hormone, stress, and development-responsive cis-acting elements, indicating that these genes are regulated not only by abiotic stresses, but also by different hormones (Table 3 ). Similar to poplar NHX elements [35] , abscisic acid-responsive elements (ABRE), auxin-responsive, fungal-responsive, circadian, low temperature-responsive (LTR), and heat shock elements (HSE) were noticed in SbNHX/NHE sequences. This infers that even NHE homologues are regulated by phytohormones and help perhaps in stress alleviation. Promoters of all SbNHX and SbNHE members showed GT1 and KST1 cis-elements. Plesch et al. [65] pointed out that KST1 is a guard cell-specific expression element that controls stomatal carbon dioxide uptake and water loss in crop plants during stress. Surprisingly, Sp1, a zinc finger transcription factor has also been detected in the promoter region of SbNHX/NHE members. Sp1 regulates the expression of many genes involved in various cellular functions such as differentiation, proliferation and apoptosis in cancer cells [66] . The presence of Sp1 transcription factor in Sorghum indicates that SbNHX/SbNHE group of genes may be associated with important cellular functions. G-box elements that act as positive regulators of early leaf senescence in rice [67] were detected in the promoter regions of SbNHX/SbNHE, implying that these genes also modulate leaf senescence. A phylogenetic tree indicated that SbNHX/NHE members fall into three paralog and six ortholog groups. In addition to rice (the common monocot ancestor), four ortholog Sorghum transporter events were observed with maize. Interestingly, SbNHX6 and SbNHE3 showed ortholog events with Eucalyptus. For paralog gene pairs, <1 substitution rates indicated that the genes underwent a positive Darwinian selection or a purifying selection [68] .
Gene Expressions in Different Tissues under Abiotic Stresses
The Sorghum variety BTx623 is moderately tolerant to drought and adapted to high temperature but highly sensitive to cold. Genome-wide analysis for the identification and gene expressions of NHX and NHE members was carried out in this variety due to the availability and accessibility of its genome sequence [30] . Such an analysis helps to find out the role of NHX and NHE members in abiotic stress tolerance. Accordingly, in Sorghum, NHX and NHE genes were expressed in a tissue specific manner under different abiotic stress conditions. Among four tissues, noticeably high transcript levels were recorded in stems followed by roots, and embryos. SbNHX5 displayed higher transcript levels in root and embryo tissues. Bassil et al. [18] pointed out that NHX5 is required for plant growth and development. High transcript levels of SbNHX7 under drought stress may be due to the presence of KST1, which controls stomatal carbon dioxide uptake and water loss in crop plants [65] . In spite of low number or absence of low temperature-responsive elements, SbNHX1, SbNHX4, SbNHE1, SbNHE4, SbNHE5, SbNHE6, and SbNHE9 showed high transcript levels under cold stress conditions indicating a key role for them in temperature stress. The function of NHE homologues in plants is not yet known. For the first time, SbNHE transcript profile was carried out in Sorghum and found to be associated with abiotic stresses. Most of the SbNHEs displayed high expression in stem tissues under different abiotic stresses indicating their role in specific tissues during stress. Such tissue-specific expression patterns of SbHSFs were observed earlier in many plants including S. bicolor [69] and specifically NHX genes in poplar [35] and NHXLP gene in tomato [31] . These results indicate the involvement of NHX family members not only in salt stress, but also in different developmental processes like flower development and reproduction as also pointed out by Bassil et al. [18] .
Protein-Protein Interaction Predictions
Our study revealed that all the SbNHX and SbNHE members, especially SbNHX5 and SbNHE6, interacted with many other proteins. The Arabidopsis AtNHX5 and AtNHX6 play a key role in plant development, and these genes have been used to improve salt tolerance in a variety of species [70] . Katiyar-Agarwal et al. [71] and Quintero et al. [72] revealed that C-terminal tails of NHX1 and SOS1 are essential for mediation of protein-protein interactions and ion selectivity. Wu et al. [73] also pointed out that hydrophilic C-terminus of Salicornia europaea vacuolar Na + /H + antiporter is necessary for interaction and its function. It is known that CBL proteins interact and modulate the CIPK. In turn, kinases mediate the calcium signal transduction. SOS1/NHX7 is regulated by CBL and CIPK-mediated Ca 2+ signaling pathway during Na + expulsion [74] . In the present study, only SbNHX7 interacted with CBL5 and CIPK24. SOS3 or CBL4 is a Ca 2+ sensor and escorts SOS2 to SOS1 to interact and activate it for Na + efflux from the cell [75] . Thus, binding of CBL4 with Ca 2+ is needed for its function during salt stress [76] . Ma et al. [77] found that overexpression of CPA1 or SOS1 increased the salt tolerance. This is also consistent with the present observation that SbSOS1/SbNHX7 is bound to the CBL5 and CIPK24. Unlike SbNHX7, other SbNHX members were bound only to the members of CBL, except NHX5, but not to CIPK24. Our findings thus revealed that SbNHX members interact with CBL members and play distinct roles during salt stress and plant developmental processes. Contrary to this, SbNHE members have not been found to interact with any one of the CBL members indicating such an interaction may not be necessary. However, some functional redundancy among NHX and NHE members cannot be ruled out in plants since both the groups are associated with abiotic stresses.
Conclusions
Genome-wide screening of S. bicolor revealed the presence of seven SbNHX and nine SbNHE homologs. While the NHX members fall into three subfamilies (plasma, vacuolar, and endomembranes), NHE family members form only two subfamilies (plasma and vacuolar). Interestingly, promoter regions showed GT1 and KST1 cis-elements, revealing their role in salt stress responsiveness and guard cell functioning respectively. Tissue-specific expression studies of SbNHX and SbNHE genes under abiotic stress conditions showed that they are associated with growth and developmental processes. This information would be useful in selecting candidate genes for functional validation in relation to abiotic stress tolerance during various developmental phases in crop species.
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